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in many tissues. The physiological and anatomic eviThe transmitter of NANC inhibitory neurons has been dence for this hypothesis is already quite extensive, and elusive, although its identity has been the subject of it appears that NANC inhibitory responses are mediated hundreds of investigations over the past three decades. by NO at every level of the GI tract. This short review These neurons are extremely important, because they focuses on the role of NO in NANC inhibitory neuromediate the majority of inhibitory responses in the gas-transmission.
Other putative transmitters, such as vastrointestinal (GI) tract and regulate many important oactive intestinal peptide (VIP) and ATP, may also be physiological reflexes, such as relaxation of the lower involved, but because of space these compounds are not esophageal sphincter after swallowing, receptive relaxadiscussed in detail. Numerous studies in the past have tion of the proximal stomach during eating, and descendsuggested a role for ATP and VIP in NANC neurotransing inhibition in response to distension. Recently, some mission (cf. 57). suggested that endothelial cells are an intermediate in the cholinergic response and produce a humoral agent that transduces the ACh signal to an inhibitory signal. This agent was named endothelium-dependent relaxing factor (EDRF). Subsequently it was discovered that several vasodilator substances release EDRF, and this substance is now considered to be the common mediator of many dilator responses. The discovery of EDRF created a fertile new area of research that has grown rapidly during the past decade (see Reviews 47, 59, 73). As a result of excellent work on EDRF, many pharmacological and analytical tools now exist to evaulate EDRF-dependent phenomenon. EDRF is extremely labile, having a half-life of seconds in physiological solutions (26, 52 A neural NO synthase has recently been isolated from rat cerebellum. The enzyme is a 150-kDa protein that is Ca2* and calmodulin dependent and NADPH dependent (14). Immunohistochemical labeling showed that specific populations of neurons in regions' such as cerebellum, hypothalamus, and posterior pituitary express NO synthase (12). Bredt and co-workers (11) have recently cloned a NO synthase isolated from cerebellum, and the enzyme shares considerable homology with cytochrome P-450 reductase (58% homology across the COOH-terminal641 amino acids). NO synthase contains a consensus binding site for calmodulin that is consistent with the requirement for calmodulin. Binding sites are also present for NADPH and flavins. A phosphorylation site is also present for CAMP-dependent protein kinase; however, the significance of phosphorylation in the regulation of NO synthesis is not presently understood.
NO synthase is also expressed in peripheral neurons, such as myenteric neurons, as determined by immunoreactivity to antibodies raised against the cerebellar NO synthase (12,27). In the guinea pig small intestine. about one-quarter of the neurons express NO synthase immunoreactivity (27) . NO synthase positive cells have Dogiel type I morphology (cf. 45) and coexpressed VIP. Fibers of these neurons innervate the circular smooth muscle layer and projected anally to other myenteric ganglia and to the submucosal ganglia. These neurons may convey the descending inhibition reflex in the GI tract (44). Together with the physiological studies discussed below, these data suggest that NO serves as an inhibitory neurotransmitter in visceral smooth muscles. Recently, it was reported that NO synthase copurifies and colabels with NADPH diaphorase in central and peripheral neurons (34, 56). These authors concluded that NO synthase is the enzyme responsible for the NADPH diaphorase activity in neurons. This finding will greatly accelerate studies of the distribution of NO synthase, because NADPH diaphorase is a relatively cheap and simple histological stain that has been used for several years to stain selected populations of neurons (cf. 104).
NO MEDIATES MUSCLE RELAXATION IN RESPONSE TO NANC NERVE STIMULATION
Although not strictly a GI smooth muscle, anococcygeus muscles have been frequently used to study NANC neurotransmission.
NANC nerve stimulation causes relaxation and hyperpolarization of these muscles (49). Several authors reported within the same year that L-NMMA reduced NANC nerve-induced relaxation in rat and guinea pig anococcygeus muscles (50, 67, 82). Responses to sodium nitroprusside and NO were unaffected by L-NMMA (50, 67), and the effect of L-NMMA was reduced by addition of L-arginine. These data suggested that the actions of L-NMMA were specific and were probably due to blockade of the production of NO. L-NMMA also increased basal tone, suggesting that NO may be tonically released (50). Addition of L-arginine caused inhibition of basal tone, suggesting that basal release of NO can be increased by adding precursor. The source of background NO was not determined.
In addition to reducing NANC nerve-induced mechanical relaxation, Ramagopal and Leighton (82) Shortly after reports of the effects of L-NMMA on NANC nerve-induced relaxations in anococcygeus muscles, studies reporting that NO also mediates NANC nerve effects in GI smooth muscles began to appear (cf. 15). Several of these studies are briefly reviewed below.
NANC Relaxation of Lower Esophageal Sphincter (LES)
There has been speculation about the identity of the NANC inhibitory transmitter in the LES for many years. Several investigators have maintained that VIP is the transmitter (cf. 51), and this has been rather commonly accepted. But recent studies have quite convincingly shown that NO is probably the principal transmitter in some species.
Tottrup and colleagues (102) studied the opossum LES, a commonly used model of the LES, and found complete block of NANC nerve-induced relaxations with L-NNA. Most investigators have found only a partial block of NANC nerve responses with arginine analogues. The solutions routinely used in the experiments on the opossum LES did not appear to contain atropine. Therefore, the true inhibitory effects of L-NNA on NANC nerve-induced relaxation were probably obscured by the remaining cholinergic effects. In fact in the presence of L-NNA, there was often an excitatory response to field stimulation that was blocked by atropine. L-Arginine, added with L-NNA, shifted the concentration-response curve for L-NNA to the right, but the reversal of the L-NNA effect by L-arginine did not exceed 25%, suggesting that L-NNA may tightly bind to the NO synthase in esophageal muscles. Sodium nitroprusside caused relaxation in the LES, and this response was not affected by preincubation with L-arginine or L-NNA. Many of these results have been recently confirmed by another laboratory (74). In the latter study, longitudinal muscles were also studied, and it is interesting to note that this muscle appeared to be without NANC nerve innervation; responses were excitatory, unaffected by L-NNA, and completely blocked by atropine.
Preincubation of preparations with L-arginine or L-NNA had no effect on VIP relaxations (102) , suggesting that the effects of VIP were not mediated by NO. This is consistent with the finding that the effects of VIP are associated with an increase in CAMP (5), whereas NANC nerve stimulation in the opossum LES leads to enhanced levels of cGMP without changes in CAMP (101).
Similar experiments have been performed on canine LES (35). NO and field stimulation caused dramatic relaxation of muscles precontracted with &hydroxy-tryptamine.
Responses to electrical field stimulation (EFS), but not that to NO, were blocked by tetrodotoxin. NANC nerve responses were attenuated but not abolished by hemoglobin and L-NNA, and the effect of L-NNA was partially reversed by L-arginine. Responses to EFS and NO differed from responses to VIP. VIP caused a slow onset response with a long time course. EFS and NO responses had a rapid onset and decayed rapidly. In the canine LES, VIP relaxation is associated with a rise in CAMP, whereas field stimulation increases cGMP (21). The dissimilarity in responses between VIP and field stimulation and the apparent differences in second messenger coupling between VIP receptors and receptors for the NANC neurotransmitter tend to discount VIP as the primary transmitter in these preparations and to favor NO for this role. The electrophysiological studies discussed below also support this hypothesis.
NANC Relaxation of Stomach
Boeckxstaens and co-workers (8) found that L-NMMA and L-NNA increased basal tension in muscles of the canine gastric fundus (B), and these effects were partially reversed by L-arginine but not by D-arginine. If these in vitro findings can be extrapolated to conditions in vivo, these data suggest that tonic release of NO may regulate basal tone in the proximal stomach. L-NMMA also inhibited relaxations caused by field stimulation, but did not affect relaxations induced by ATP, VIP, or norepinephrine. L-arginine, but not D-arginine, antagonized the effects of L-NMMA and L-NNA. The fundus released a labile factor on electrical stimulation that was bioassayed with rings of rabbit aorta from which the endothelia had been removed. The factor was identified as NO or an NO donor by the following characteristics. 1) Release was prohibited by L-NNA.
2) Release was increased by Larginine. 3) Biological activity of the factor was increased by SOD. 4) Detection of factor was eliminated by hemoglobin.
NANC Relaxation in Small Bowel and Ileocolonic Sphincter
An early suggestion that NO serves as a NANC transmitter in GI muscles came from studies of longitudinal muscles of the canine duodenum (99). When prestimulated with bradykinin, these muscles relaxed in response to field stimulation of NANC nerves. The relaxation was blocked by L-NNA and by oxyhemoglobin and was reversed by L-arginine. Similar relaxations were produced by NO and nitroglycerin.
The canine ileocolonic sphincter was one of the first and has been one of the most thoroughly characterized preparations in terms of the role of NO as the NANC neurotransmitter (see Fig. 2 ). Field stimulation of these muscles caused release of a substance with chemical characteristics similar to NO (8, 15 ). This substance was inactivated by hemoglobin, and its release was inhibited by arginine analogues. Exogenous NO caused concentration-dependent relaxation of muscles from the ileocoionic junction (8). L-NNA and L-NMMA also increased basal tension, and this effect was partially reversed by L-arginine but not by D-arginine. The fact that L-NMMA only partially blocked NANC nerve-induced relaxations might suggest that the relaxation response is due to release of a combination of substances. This idea, however, is not supported by the observation that L-NNA blocked a greater proportion of the relaxation response at lower doses, suggesting the incomplete action of L-NMMA was related to its potency as an inhibitor of NO synthase and the dose used.
The identity of the substance that mediates NANC relaxation in ileocolonic muscles was investigated with bioassays (10). Field stimulation and activation of nicotinic receptors (presumably on the cell bodies or dendrites of inhibitory nerves) with l,l-dimethyl-4-phenylpiperazinium (DMPP) caused release of a labile factor. Hexamethonium blocked the release of the substance that was stimulated by DMPP. These authors have also suggested that neurons that release NO in the canine ileocolonic junction can be activated by y-aminobutyric acid (GABA) via GABAA receptors, because bicuculline (9) antagonized relaxations caused by GABA. Tetrodotoxin also antagonized nicotinic responses and responses to GABA, supporting the concept that these responses were mediated via activation of postganglionic neurons. Release of the labile factor was also blocked by L-NNA, and the biological activity of the substance was eliminated by hemoglobin. Assay tissue responses to VIP and ATP were quite different than responses to the labile factor released by NANC nerve stimulation.
The effects of the labile factor were similar to the effects of authentic NO. For example, responses to NO and the releasable factor were enhanced by SOD, but responses to VIP and ATP were unaffected by SOD (10). These studies clearly support the hypothesis that NO, or an NO carrier substance, is released in response to NANC nerve stimulation.
NANC Relaxation in Colon and Internal Anal Sphincter
NANC responses were studied in intertaenia longitudinal muscles from the guinea pig colon (91). L-NNA and hemoglobin reduced the amplitude of NANC-mediated relaxations. fl-monomethyl+arginine (L-NAME) reduced NANC nerve induced relaxations in the distal colon and small bowel by 30-40% (58 NANC responses. From these and other results (28), these authors concluded that the NANC responses were characterized by apamin-sensitive and -insensitive components. NO may mediate the apamin-insensitive component, and an unknown transmitter may be responsible for the apamin-sensitive component. Therefore, NANC responses in the guinea pig appear to be more complicated than in some preparations; more than a single inhibitory transmitter may be involved.
NANC relaxations in the internal anal sphincter of the opossum also appear to be mediated by NO (85). L-NNA reduced relaxation responses to field stimulation, and this effect was reversed by L-arginine in a concentration-dependent manner. These important mechanical studies have provided great insight into the mechanisms of NANC neurotransmission. From mechanical studies, however, it is difficult to conclude whether NO is the final transmitter substance or whether it serves as a neuromodulatory substance that facilitates release or postjunctional effects of another NANC neurotransmitter (cf. 60). The relaxation of muscles is several mechanistic steps away from the transduction of the NANC transmitter signal to an electrical response in the membrane of the postjunctional cell. For example, it is possible that the relaxation caused by NO could be mediated by cellular processes downstream from membrane hyperpolarization, such as en- In the body of the esophagus, the response to nerve stimulation is characterized by little or no mechanical activity during the stimulus and a rebound contraction shortly after cessation of the stimulus (cf. 31). The latter has been termed an "off' contraction. The latency between the cessation of stimulation and the off contraction varies as a function of distance along the esophagus (log), such that a gradient occurs in the off contraction. In the proximal esophagus, there is a brief latency between the end of the stimulus and the off contraction, and at more distal points the latency increases. In opossum esophagus, L-NNA decreased the amplitude and latency of the off contraction, and this effect was prevented by L-arginine (74). L-NNA had a greater effect on the latency of the off contraction in muscles from the distal esophagus than on proximal muscles. Therefore, the latency gradient was shortened from 1 s per 4 cm of esophagus to 0.1 s per 4 cm by L-NNA, presumably by inhibition of the synthesis and release of NO. These data suggest that the latency between cessation of stimulation and the off contraction could be caused by the time necessary to neutralize the inhibitory response to NO before the excitatory off response can be manifest. This suggests that the mechanism of the latency gradient could be related to one of the following: 1) the density of NANC innervation (i.e., if a lower density of NANC nerves in the proximal esophagus releases less transmitter, then the inhibitory signal could be neutralized more quickly); 2) the rate at which the NO response is deactivated (i.e., more rapid degradation of NO, more rapid metabolism of cGMP, or more rapid dephosphorylation of proteins if effects are mediated through G kinase); or 3) the density of excitatory nerves (i.e., a higher density of excitatory nerves might release more transmitter,
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INVITED REVIEW which might overwhelm the inhibitory influence more rapidly. The tools necessary to test these hypotheses are now available.
Receptive relaxation of the stomach accommodates consumption of a large meal without large increases in gastric pressure, and this response is mediated by NANC nerves (23, 63). Desai and co-workers (36) have shown that receptive relaxation in the isolated guinea pig stomach (i.e., relaxation in response to stepwise increases in pressure) is mediated by a NANC neurotransmitter that is likely to be NO. This response was blocked by L-NMMA, and this effect was reversed by L-arginine. The receptive relaxation response was also inhibited by methylene blue.
Activation of nicotinic receptors with DMPP also caused relaxation of the stomach, and this effect was inhibited by L-NMMA. The effects of DMPP were blocked by hexamethonium and tetrodotoxin. These data suggest that stimulation of nicotinic receptors on postganglionic nerves is responsible for activation of the inhibitory neurons that release NO within the gastric musculature. NO appears to be the final common mediator for the receptive relaxation response.
Local distension of the small intestine and colon results in a neural reflex that causes the bowel to contract oral to the site of distension and relax distal to the distension (cf. 28). The NO synthase pathway also appears to be involved in this inhibitory reflex. In the rat proximal colon, relaxation distal to a site of mechanical distension was unaffected by desensitization to ATP, VIP, or neurotensin but was inhibited by nitro-arginine (55). A portion of the inhibitory response in the guinea pig ileum is sensitive to the K channel-blocker apamin (28). Recently it was found that the apamin-insensitive component was blocked by inhibitors of NO synthesis, but the apamin-sensitive component of the inhibitory response was not affected (58). L-NAME affected peristaltic reflexes in the small intestine and colon (29). In the small intestine, the threshold volume for initiation of the reflex was reduced and coordination was also affected. In the colon, the rate of propulsion of solids was reduced. The latter appeared to be due to the decrease in the descending inhibition portion of the reflex, as contraction oral to the distension persisted. Apamin, a blocker of a component of NANC induced inhibition (28), alone or in combination with L-NAME disrupted the normal responses to distension, causing nonpropagating contractions to develop at multiple sites.
NO AS A MEDIATOR OF IJPS
Stimulation of NANC nerves in the GI tract has been shown to elicit IJPs in smooth muscle cells (18, 57) . The amplitude of these events is related to the resting potentials of cells, and this fact and other data have suggested that IJPs are due to a transient increase in potassium conductance (cf. Ref. 100). In this section, the evidence suggesting that NO release causes NANC IJPs will be reviewed. This question has been studied in several functionally distinct regions of the GI tract to date: opossum esophageal body and LES (Du and Conklin, unpublished observations, see Ref. 39), canine jejunum (97), and canine proximal colon (32, 98, 106).
NANC IJPs in Esophagus
In the circular muscle of the opossum, esophagus EFS caused hyperpolarization of the membrane potential followed by depolarization.
L-NNA reduced the amplitude of the hyperpolarization and the depolarization in a concentration-dependent manner and reduced the latency between the stimulus and the time at which the peak depolarization was achieved (Du and Conklin, unpublished observations, see Ref. 39). L-arginine antagonized the effects of L-NNA. Effects of the compounds on nerve-evoked responses were not accompanied by changes in resting membrane potential. The hyperpolarization phase of the nerve-evoked response was mimicked by NO and S-nitrosocysteine (L-cys-NO), an NO carrier (75). Tetrodotoxin and L-NNA blocked responses to EFS but had no effect on responses to exogenous NO.
The hyperpolarization response to EFS in the opossum esophagus appears to be mediated by a cGMP-dependent mechanism (Du and Conklin, unpublished observations, see Ref. 39). Forskolin, a stimulator of CAMP production, and sodium nitroprusside, a stimulator of cGMP production, hyperpolarized esophageal muscles. Similar responses were obtained with the membrane permeable forms of cGMP, 8-bromo cGMP and dibutyryl cGMP. The sodium nitroprusside effect, but not the forskolin effect, was blocked by cystamine and methylene blue, which are known to inhibit guanylate cyclase (53, 84). Cystamine and methylene blue also reversibly inhibited NANC nerve evoked responses. These data suggest that NANC-induced hyperpolarization in GI muscles may be mediated by similar second messenger mechanisms as vascular relaxations to EDRF (i.e., NO).
NANC IJPs in Small Bowel
In the canine jejunum, NO hyperpolarized resting membrane potential in a dose-dependent manner (97). NO also reduced slow-wave amplitude and inhibited the phasic contractions that are elicited by slow waves. EFS caused similar effects with 1 s of stimulation at l-20 Hz. The effects of NO were slower in onset and more persistent than the effects of EFS, but this difference can probably be explained by the delivery of NO (i.e., small amounts released very near postjunctional sites vs. large amounts of exogenous NO added to the bath). IJPs were reduced by L-NMMA and partially restored by L-arginine but not by D-arginine. IJPs were also reduced by oxyhemoglobin, but methemoglobin had no effect on IJP amplitude. The failure of L-NMMA and oxyhemoglobin to completely abolish IJPs may have been due to the release of additional transmitters or to the concentrations of these compounds that were used. One finding from this study that is difficult to explain if NO is the inhibitory transmitter was that SOD had no effect on IJPs. SOD should decrease the rate of breakdown of NO and therefore enhance the amplitude or extend the duration of IJPs. Neither L-arginine nor L-NMMA affected spontaneous electrical activity, suggesting that there is little tonic release of NO in the canine jejunum.
These authors also tested the effects of a low Ca2+-high Mg2+ solution, which is known to reduce transmitter
release from a variety of preparations (64). This solution greatly reduced the amplitude of IJPs but did not affect responses to NO (97). Tetrodotoxin also had no effect on responses to exogenous NO. Taken together, these data suggest that NO is the primary transmitter liberated during field stimulation and that its effects are not mediated via activation of an interneuron and subsequent release of an additional NANC neurotransmitter.
If interneurons
were involved, then responses to exogenous NO would also be blocked by the low Ca2+-high Mg2+ solution. These experiments also demonstrate that either synthesis or release of NO is a Ca2+-dependent process, but the data do not determine whether release of NO is due to a simple mechanism of Ca2+-dependent synthesis and diffusion or whether there is storage of NO and quanta1 release. The rate of the decrease in IJP amplitude was not dependent on field stimulation during exposure to L-NMMA.
Depletion of a stored transmitter would seem to be necessary before an inhibitor of transmitter synthesis could block neurotransmission.
Therefore, muscles that are stimulated should experience depletion of stored transmitter before unstimulated tissues. These experiments tend to suggest that the NO that serves as the transmitter is the product of de novo synthesis. This process would still exhibit Ca2+ dependence, because neural NO synthase is a Ca2'-and calmodulin-sensitive enzyme (66).
NANC IJPs in Colon Muscles
In the colon, the NANC nerve innervation appears to be directed at the two electrical pacemaker regions at the border between the circular and longitudinal muscle layers (myenteric border) and along the submucosal surface (88, 89, 94, 107). Circular smooth muscle cells at the myenteric border have relatively positive resting potentials and display spontaneous oscillations in membrane potential, termed myenteric potential oscillations (MPOs; 93). MPOs also pace the adjacent longitudinal muscle (93). Along the submucosal surface of the circular layer, cells display slow-wave activity (92). IJPs disrupt or significantly reduce the rhythmic electrical oscillations that occur spontaneously in circular and longitudinal muscles, and this in turn inhibits phasic contractions.
L-NAME and L-NMMA decreased the amplitude of IJPs in circular muscle cells of the proximal colon (Fig.  3) . This effect developed slowly, requiring an average of -25 min to reach a maximum, and reversed on washout of the arginine analogues. The inhibitory action of L-NAME was partially reversed by L-arginine, but not by D-arginine. Oxyhemoglobin significantly decreased the amplitude of IJPs (Fig. 4) , and at the same concentration methemoglobin did not affect IJPs (98). The fact that oxyhemoglobin blocked NANC IJPs strongly suggests that, at some stage of neurotransmission, NO must be liberated into the extracellular solution.
Experiments were also performed to determine whether exogenous NO could mimic the hyperpolarization evoked by NANC nerve stimulation. NO caused rapid hyperpolarization, similar in amplitude to nerveevoked IJPs. and disrupted normal rhvthmic electrical 1 min activity. Oxyhemoglobin blocked the hyperpolarization response to NO (Fig. 4 ). An .other product of NO synthesis, L-citrull ine (cf. 59), did not affect membrane poten-. . tial.
L-cys-NO, a putative naturally occurring carrier of NO (75), also caused hyperpolarization of colonic muscles that may have been due to 1) a direct effect of intact Lcys-NO or 2) breakdown of L-cys-NO to NO and Lcysteine. The D-and L-isomers of L-cys-NO caused similar hyperpolarization responses, suggesting that the intact compound does not mediate the hyperpolarization response. If liberation of NO is necessary for the biological activity of L-cys-NO, then the hyperpolarization should be blocked by oxyhemoglobin.
Oxyhemoglobin blocked the hyperpolarization induced by L-cys-NO (Fig.  4) .
Responses to NO and L-cys-NO were concentration dependent. Lower concentrations caused transient hyperpolarization, followed by rapid resumption of normal MPO activity. Higher concentrations hyperpolarized initially, but there was partial escape from the hyperpolarization, and abnormal rhythmic activity occurred during the response at a slower frequency than normal MPOs. This activity often persisted for several minutes after the drugs were removed. These differences in responses to low and high concentrations were similar to differences in responses to low and high frequency EFS. At 0.1 Hz, EFS evoked discrete IJPs that briefly interrupted MPO activity. Stimulus frequency of l-10 Hz caused sustained hyperpolarization, and rhythmic depolarizations, similar to the events generated during the hyperpolarization caused by higher concentrations of NO, were superimposed on the hyperpolarization.
The hyperpolarization caused by EFS and NO is likely to be due to an increase in potassium conductance. Others have suggested that nitrosovasodilators may affect Ca2+-activated K channels (41). Therefore, the effect of NO on Ca2+-activated K channels, which are liberally expressed in colonic myocytes (25), was tested. Singlechannel recordings, made using the on-cell configuration of the patch-clamp technique to preserve cellular second messenger systems, showed that the dominant K channels were large conductance, Ca2+-activated K channels (98). Addition of NO to the solution bathing the cells caused a significant increase in the open probability of Ca2+-activated K channels. These data provide a link between NO stimulation and at least one type of potassium conductance.
Of course it is possible that other conductances contribute to IJP responses in colonic and other GI muscles.
In many muscles, cessation of field stimulation is followed by a poststimulus excitatory ("rebound") response. This response is characterized by depolarization and increased excitability (4), and, although several mechanisms have been proposed, rebound excitation has generally been attributed to a NANC excitatory transmitter (see discussion in Ref. 21). The canine colon also exhibits a rebound response to NANC stimulation that has been shown to affect the amplitude and duration of electrical slow waves (94, 106) . NANC responses are characterized by hyperpolarization and reduction in slow-wave amplitude and duration during the period of stimulation, and a "rebound" enhancement of the slow wave immediately after the stimulus. In the slow wavegenerating portion of the proximal colon (92), NANC nerve responses were blocked by L-NAME, an inhibitor of NO synthase, and by tetrodotoxin (106) . Exogenous NO mimicked NANC responses, and the hyperpolarization response to NO was followed by a poststimulus (rebound) excitation. Responses to NANC nerve stimulation and NO were blocked by oxyhemoglobin but not by methemoglobin.
It was previously suggested that the rebound contraction after NANC stimulation in the guinea pig ileum was due to release of prostaglandins, because indomethacin blocked the rebound without disrupting NANC inhibitory responses (19). In the colon, treatment with indomethacin reduced the rebound excitation after NANC nerve and NO stimulation. These data further suggest that an eicosanoid may mediate some NANC rebound responses. disproportionate reduction in force, suggesting that another effect of NO in GI muscles may be to decrease the Ca2+ sensitivity of the contractile apparatus.
This hypothesis was tested in muscles permeabilized by a-toxin (65), in which addition of cGMP reduced the amplitude of Ca2+-induced contractions.
Therefore, it appears that NO affects GI motility by an electrical mechanism and by altering the sensitivity of the contractile element to Ca2+. When NO release is enhanced by activation of inhibitory nerves or by stimulation of other cells that generate this compound, the inhibitory drive is likely to be additive. It is important to emphasize that this cumulative inhibitory effect may be a key factor in inflammatory or other pathophysiological states in which motility is abnormal.
At present, we do not know the sources of NO that are responsible for tonic NO-dependent inhibition. It is possible that the synthetic mechanism in inhibitory nerves is constantly active. This could occur from tonic activation of inhibitory nerves (109) or perhaps the basal Ca2+ level in peripheral nerve terminals is sufficient to maintain a steady production of NO. Current literature suggests that the cardiovascular system is in a tonic state of active vasodilation that is dependent on the generation of NO (73,81). Perhaps the NO produced by the vasculature also provides a tonic inhibitory drive on GI muscles. Although the distance that NO can diffuse from its site of synthesis is difficult to determine (the half-life of NO is dependent on several factors), it is possible that enough escapes from the small vessels within the gut wall to affect surrounding GI muscle cells, and the amount of NO that escapes could increase during periods of stimulation by vasodilators that are known to increase the release of NO from the endothelium (43). The contractile state of visceral muscles could have profound effects on blood flow in these organs, and the benefit of vasodilators would seem questionable if the surrounding visceral smooth muscles was strongly contracted. During the digestive state, an increase in blood flow is advantageous for absorptive activities and to supply oxygen and energy to the many active tissues. Yet forceful contractions of the gut would tend to interfere with blood flow. 
Mechanism of NO Release
The possibility of NO serving as a neurotransmitter has met with some skepticism, because it is an extremely labile freely diffusible molecule that cannot easily be stored in secretory vesicles. This would mean that the classical concept of storage and quanta1 release of transmitter may not be applicable to NO-releasing neurons. Actually a mechanism has been suggested that may allow NO to be stored in secretory vesicles, but little evidence is available to support this hypothesis. NO complexes with naturally occurring thiols at acidic pH. For example, NO spontaneously combines with cysteine in aqueous media to form L-cys-NO at acidic pH (62). Once formed, nitrosothiols might be stabilized at the low pH in secretory vesicles. In fact, L-cys-NO has been shown to be relatively stable at low pH, whereas its half-life is Cl5 s at 37°C at pH 8 (3). Such a mechanism to store NO might require some specialization in the distribution of NO synthase. It seems likely that NO would have to be synthesized within or at least at the surface of secretory vesicles. Otherwise, most of the NO might be lost by diffusion before it could get into vesicles where conjugation with thiol-containing compounds could occur. Secretory vesicles may also require an uptake mechanism for substrates such as amino acids that contain thiol groups. None of this specialization has been demonstrated, and in fact NO synthase is generally thought to be a soluble cytoplasmic enzyme.
If nitrosothiols are stored in secretory vesicles, then release would expose these compounds t.o the higher pH of the extracellular fluid. This would cause rapid breakdown of L-cys-NO and formation of NO. Our own experiments certainly suggest that L-cys-NO, and perhaps other nitrosothiol compounds, could decompose rapidly enough in the extracellular fluid to elicit the hyperpolarization of smooth muscle cells that occurs during NANC nerve-mediated IJPs (98). Ultimately it appears that liberated NO is necessary for the IJP hyperpolarization because 1) hyperpolarizations elicited by L-cys-NO and NO were similar (see Fig. 4) ; 2) L-and D-CYS-NO were equipotent in generating hyperpolarization, and 3) oxyhemoglobin was equally effective in blocking responses to NO and L-cys-NO.
NO synthase is Ca2' and calmodulin dependent (20, 71). Activation of the enzyme found in brain appears to occur in the 100-400 nM range (66). Therefore, influx of Ca2+ into varicosities during activation could increase synthesis of NO. The NO produced would easily diffuse out of varicosities and induce responses in nearby effector cells (see Fig. 6 ). This mechanism, while quite viable based on the regulation of NO synthase and the chemistry of NO, would appear to be a novel, but very primitive, form of neurotransmission. NANC neurotransmission in the gut is also Ca2+ dependent (97); solutions containing low Ca2+ and high Mg2+ blocked IJPs. But, as these authors point out, it is not clear whether the block in NO-mediated neurotransmission was due to inhibition of release or synthesis of NO. Support for storage of NO is very limited. Tottrup (102) showed that scorpion venom, which activates neurons (33), caused prolonged relaxation of LES muscles that was blocked by L-NNA. With prolonged exposure to L-NNA, the relaxation decayed, suggesting that the transmitter (or maybe its precursor) was depleted. After exposure to scorpion venom, relaxation responses to field stimulation were not restored despite prolonged periods of washout and incubation with L-arginine. In contrast, Stark and co-workers (97) have provided evidence suggesting that NO-dependent NANC neurotransmission does not depend on release of stored transmitter. In the canine jejunum, the inhibitory effects of L-NMMA on IJPs developed within 10 min, and this time course did not appear to be affected by EFS during the incubation period. This tends to argue against a vesicularized supply of NO, because of the following. 1) There must only be a small store of transmitter if synthesis inhibition affects the availability of transmitter within 10 min. 2) If NO is stored, then the effects of inhibiting the synthesis of NO would not be observed until the store of NO is depleted. Thus the effects of L-NMMA should be accelerated by stimulation that should accelerate depletion.
Second Messenger Pathway That Links cGMP to Hyperpolarixation
Most data suggest that NO effects are mediated by production of cGMP (Du and Conklin, unpublished observations), and it is well known that cGMP-dependent mechanisms can mediate relaxation in smooth muscles (83, 101). But little is known about cGMP-mediated changes in membrane conductance in smooth muscles (cf. 6). It is possible that other second messenger pathways may also be activated by NO, for example NO has recently been shown to decrease cytoplasmic Ca2+ in BALB/c 3T3 fibroblasts by a cGMP-independent mechanism (46).
K Channels Responsible for IJPs
It is also important to determine what types of K channels are activated by NO to cause IJPs. Our data showed that the open probability of Ca2+-activated K channels in canine colonic muscles was increased by NO, but IJPs in many GI muscles are unlikely to be mediated by these channels. Although the IJPs of the canine colon are not sensitive to apamin (94), this compound blocks a component of the IJPs in many preparations (1, 22, 28, 68, 90, 105) . Apamin has been shown to block a smallconductance Ca2+-dependent K channel (cf. Z4), but the expression of this channel (i.e., with single-channel patch-clamp studies) has yet to be demonstrated in GI muscles. In some preparations, the level of expression of these channels is very low, and it is possible that they are sparsely expressed in GI muscles. Actually, very few K channels need be activated to produce the hyperpolarization response of the IJP because the input resistance of GI muscles is very high at the resting membrane potential (87). In many regions of the GI tract, apamin blocks only a portion of the inhibitory response (28,105), suggesting that two or more conductances may mediate these responses. It has been suggested that only the apamin-insensitive component of IJPs is mediated by NO and that the apamin-sensitive component may be mediated by another transmitter (58). Recent data from our lab suggests that both apamin-sensitive and insensitive IJPs in the canine pylorus (Bayginov and Sanders, unpublished observations) and canine ileocolonic sphincter (107a) are mediated by NO.
Is NO the NANC Neurotransmitter in Human GI Tract?
IJPs in the human small bowel consist of a rapid and a sustained component. Recent work has suggested that the rapid component may not be sensitive to arginine analogues, but the sustained component of the human IJP appears to be mediated by NO (J.H. Szurszewski, personal communication). The fast IJP in the canine jejunum is sensitive to L-NNA, as described above (97). Obviously, it will be very important to sort out the species differences in NANC nerve responses and to determine specifically which portion of IJPs in human GI muscles is mediated by NO. Other species differences are also apparent; for example, we have found that L-NAME does not affect IJPs in the guinea pig taenia ceca (Ward and Sanders, unpublished observations). The identity of the transmitter(s) that mediates NO-independent IJPs in human and nonhuman muscles will be a very important question for future work. 
